In the paper a new transformer main protection scheme based on the combination of generalized fundamental power and difference of loop equation is proposed. The transformer loop equations are studied, the relationship between the differential voltage and differential current is deduced and the concept of generalized fundamental power is proposed. The protection based on the generalized fundamental power reflects the changes of amplitudes and phase angles of the differential voltages and currents under different operation condition, and it is needless to discriminate inrush current. Because it is needless to calculate the leakage impedance of transformer windings accurately the proposed scheme is easy to be realized. The experiment results show that the proposed scheme has sufficient reliability and sensitivity and is superior to the differential current protection with second harmonic restraint.
Introduction
How to distinguish inrush current and fault current is the inherent problem of transformer differential current protection. At present the second harmonic restraint method is used to prevent misoperation on inrush current. But statistical data show that the method faces the risk of misoperation [1] . In recent years, many methods for discriminating inrush current have been presented. Most of those methods are based on one aspect of the features of current waveform, such as the virtual third harmonic [2] , the attenuation factor of the harmonics [3] , and the difference between the differential current waveforms in different time windows [4] [5] [6] . Many digital signal processing technology are introduced to extract the waveform features, such as correlation function method [7] [8] , mathematical morphology [9] , and wavelet analysis [10] [11] . Because the features of inrush are affected by lots of influential factors, it is not ensured that the protection would not misoperate under various operation conditions.
Recently transformer main protections that are not affected by the inrush current are studied deeply some new criterions have been proposed [12] [13] [14] [15] , e.g. the principle based on transformer loop equation. These criterions include the leakage impedance of transformer windings, so these parameters should be already known before the protection is applied. The inaccuracy of these parameters will reduce the performance of protection. In order to overcome the disadvantage, in the paper the features of fundamental loop equation under various operation conditions (including inrush condition, fault condition and load condition) are studied deeply. The concept of generalized fundamental power is defined, based on which the new protection is illuminated. The behavior of the protection under fault conditions is studied, and then a novel protection scheme is proposed. Experiment results show that the proposed scheme is correct and feasible.
Loop Equation of Sound Transformer
A three-phase~connected transformer is shown in Fig. 1 . where i La , i Lb , i Lc , i A , i B , i C are phase currents on the delta and star side, i a , i b , i c are winding currents on the delta side.
Based on electric machinery theories, we can obtain the voltage loop equations of a sound transformer as follow 1 1 1
where u A , u B , u C , u a , u b , u c are phase voltages on the star and delta side, R 1 , L 1 , R 2 , L 2 are resistance and leakage inductance of windings on star and delta sides, a , b , c are main flux, N 1 , N 2 are the turns of windings on star and delta sides. From Fig. 1 it is seen that the phase currents and winding currents are related by (1) and (2), we obtain
where u a , u b , u c , i La , i Lb , i Lc are the referred values of the voltages and currents on the delta side. The left terms of (4) are defined as the differential voltages, and abbreviated as u dAB , u dBC and u dCA . The differential currents of i A -i B i La , i B -i C i Lb and i C -i A i Lc are abbreviated as i dAB , i dBC and i dCA . Then (4) can be reduced to the more succinct form
The Proposed Novel Principle
Equation (5) can be divided into the summation of various frequency components with Fourier decomposition. Omitting the subscripts, we can obtain the fundamental phasor loop equation as follow
where is the fundamental angular frequency. When the transformer is under normal condition, (6) is satisfied. When an internal fault occurs, the winding is damaged, hence (6) is no longer satisfied. The quantity of difference of loop equation is defined as follow
U is very small under normal conditions, and large under internal fault condition. Hence the fault condition could be discriminated by the value of U.
Generally Z 1 is unknown and it is difficult to calculate it exactly, the application of the protection based on difference of loop equation is limited greatly.
In order to overcome the adverse effects of calculation error of Z 1 , the quantity of generalized fundamental power is defined as follow 0 cos 90
where m is the phase angle between the differential voltage and current, k is the angle of Z 1 , which can be obtained experimentally and is independent of the amplitude of Z 1 . So it is needless to calculate Z 1 . When transformer is under normal condition it is easily seen that P f is zero because m is equal to k . When an internal fault occurs on transformer windings, m is no longer equal to k , meanwhile the differential voltages and currents become great, and then P f is great. Therefore we can recognize the operating conditions of transformer by the value of P f . When P f is lower than a threshold the transformer is normal, otherwise there is an internal fault on the transformer.
Simulation Studies

Experiment System
In order to investigate the performance of the proposed principle, extensive experiments are carried out on a transformer under various conditions. The experiment system is shown in Fig.2 , where the experiment transformer is rated at 30 kVA, with primary and secondary voltages of 500 V and 416 V respectively, the short circuit voltage is 12.0%. In experiments the operation conditions of transformer include normal load condition, inrush condition and internal fault condition. The types of faults include phase-to-phase, phase-to-earth and short-circuit between turns.
Comparison among Several Principles
In Table 1 , the results of the generalized fundamental power (P f ), the difference of fundamental loop equation ( U) and the percentage of second harmonic (I 2 /I 1 ) are listed. Z 1 is assumed equal to the half of the short-circuit impedance when U is calculated.
Generally the threshold of the second harmonic restraint protection is set to 15%. It is seen that the protection may misoperate under the 2 nd condition (inrush condition) because the minimum value of I 2 /I 1 under the condition is lower than the threshold, and the protection may be blocked under the 3 rd condition (fault condition) because the maximum value of I 2 /I 1 under the condition is greater than the threshold.
The value of U is small under normal load conditions, but increases obviously under inrush conditions because of the computation error of Z 1 . Let us assume that the threshold of the protection is 1.5 times the maximum value of U under inrush conditions, and then the threshold here is equal to 17.3 V. the protection may fail to operate under the 3 rd , 4 th and 9 th conditions because the value of U is lower than the threshold under such conditions.
The value of P f is always small no matter under normal operation conditions or inrush conditions. According to the same principle the threshold of the protection is set to 14.4 W. It is seen from Table 1 that the values of P f under fault condition are far greater than the threshold, and the protection operates sensitively. Based on the above analysis it is easily seen that the performance of the protection based on the generalized fundamental power is superior to that of the protections based on the difference of fundamental loop equation and second harmonic restraint. The major reason is as follow, in theory second harmonic component exists no matter under inrush condition or fault condition, so it is difficult to set the threshold, whereas in theory the generalized fundamental power is zero under normal condition, and a low threshold is allowed to be selected, thus the sensitivity of the protection rise.
Further Analysis
Statistic data show that the faults often occur on the connections between the circuit breakers and transformer bushings, and the winding is not damaged under this fault condition, the behavior of the protection based on the generalized fundamental power need to be studied further.
Two possible fault locations on the connections are shown in Fig.3 . In the following analysis, we assume that the exciting current is zero. This assumption reduces the complexity of later equations without affecting the final result.
When a fault occurs on the N side at k 1 shown in Fig.3 , The voltage-drop cross the transformer is given by
Combining (9) 
From (11) it is easily seen that m is equal to k , so the generalized fundamental power would be zero, and the protection would fail to trip.
When a fault occurs on the M side at k 2 shown in Fig.3 , the differential voltage can be stated
Obviously the generalized fundamental power would be zero, and the protection would fail to operate. Therefore some measures must be taken to prevent the protection from failure to operate under such fault conditions. Form (7) , (11) , and (12), it is derived that U is equal to I d Z 2 when the fault occurs at k 1 , and equal to I d Z 1 when the fault occurs at k 2 . Because the differential current I d is great, U is also great and greater than the threshold, therefore the protection based on the difference of fundamental loop equation could operate correctly.
The results of the above two protections are listed in Table 2 . It can be seen that P f is low and the protection based on generalized fundamental power would fail to operate. U is greater than the threshold greatly, and the protection based on difference of fundamental loop equation would operate sensitively. The experiment results are identical with the theoretical analysis. 
Transformer Main Protection Scheme
Based on the above analysis, a new transformer main protection scheme is proposed, the scheme combine the generalized fundamental power and the difference of fundamental loop equation, and the flowchart is shown in Fig. 4 .
In the scheme, the protection based on the difference of fundamental loop equation is mainly used to discriminate the faults on the connections. Because the protection has sufficient sensitivity under such fault conditions, so a higher threshold is allowed to be selected. For example, if the threshold is selected to be 84V, the minimum sensitivity coefficient would be greater than 2, so the protection could satisfy the requirements completely. Because the threshold is high, the protection is no longer affected by the calculation errors of Z 1 . Z 1 could be simply assumed the half of the short-circuit impedance. 
Conclusion
In this paper, a new transformer main protection scheme is proposed. The scheme is based on the combination of generalized fundamental power and the difference of fundamental loop equation, and has the characteristics as follow 1) In theory, the generalized fundamental power is zero under inrush conditions, so it is needless to identify inrush. In practice only a low threshold is need to prevent the protection from misoperation by inrush.
2) When an internal fault occurs, the generalized fundamental power is great, and it reflects the features of the amplitudes and phase angles of the differential voltage and currents which change greatly from those under normal conditions, so the sensitivity of the protection is high.
3) When a fault occurs on the connections, the protection based on the difference of fundamental loop equation could operate sensitively.
4) It is needless to compute the resistance and leakage inductance of transformer windings accurately, so the scheme is easily realized.
Experiment results show that the scheme has high reliability and sensitivity.
